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Indium  tin  oxide  (ITO)  thin  ﬁlms  have  been  prepared  by jet  nebulizer  spray  pyrolysis  technique  for
different  Sn concentrations  on glass  substrates.  X-ray  diffraction  patterns  reveal  that  all  the  ﬁlms  are
polycrystalline  of cubic  structure  with preferentially  oriented  along  (222)  plane.  SEM  images  show  that
ﬁlms  exhibit  uniform  surface  morphology  with  well-deﬁned  spherical  particles.  The EDX spectrum  con-
ﬁrms  the  presence  of In, Sn  and  O elements  in prepared  ﬁlms.  AFM  result  indicates  that  the  surface
roughness  of the  ﬁlms  is  reduced  as Sn  doping.  The  optical  transmittance  of ITO  thin  ﬁlms  is  improved
from  77%  to 87%  in visible  region  and optical  band  gap is  increased  from  3.59  to  4.07 eV.  Photolumi-TO thin ﬁlms
ebulizer spray pyrolysis
-ray methods
urfaces roughness
lectrical properties
nescence spectra  show  mainly  three  emissions  peaks  (UV,  blue  and green)  and  a shift  observed  in  UV
emission  peak.  The  presence  of functional  groups  and  chemical  bonding  was  analyzed  by  FTIR.  Hall  effect
measurements  show  prepared  ﬁlms  having  n-type  conductivity  with  low  resistivity  (3.9 × 10−4 -cm)
and  high  carrier  concentrations  (6.1  × 1020 cm−3).
© 2016  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
Indium tin oxide (ITO) is a well known n-type transparent con-
ucting oxide material. Here tin acts as a cationic dopant in the
n2O3 lattice and as a substitute on the indium sites to bind with
he interstitial oxygen. Due to its high optical transmittance, electri-
al conductivity and wide band gap (>3.5 eV), ITO has been widely
pplied in various optoelectronic devices such as photovoltaic cells
1], liquid crystal displays [2] and gas sensors [3]. The ITO thin ﬁlms
re commonly fabricated by employing different techniques such
s magnetron sputtering [4–8], sol–gel process [9–11], thermal
vaporation [12], pulsed laser deposition [13,14], chemical vapor
eposition [15,16], spray pyrolysis [17–22] and nebulizer spray
yrolysis (NSP) [23]. All of these methods have advantages and
isadvantages, but jet nebulizer spray pyrolysis has a noticeable
dvantage; it is a low-cost and non-vacuum technique for large
rea applications and can produce high quality ﬁlm with low pre-
ursor volume. The working of NSP method is based on the Bernoulli
rinciple; i.e., when a pressurized ﬂow of air is directed through a∗ Corresponding author. Tel.: +91 9842470521.
E-mail address: armyjpr1@yahoo.co.in (J. Thomas Joseph Prakash).
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eramic Society.
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187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
constricted oriﬁce, the velocity of the airﬂow is increased to cre-
ate a jet stream. The impact of a jet stream with liquid produces
aerosol particles (particle size ∼2.5 m)  [24]. The mist form of solu-
tion is helping to improve the quality of ﬁlm and to obtain a uniform
growth due to gradual nucleation with minimum wastage. In the
present study, the tin doped indium oxide thin ﬁlms were prepared
by a simple and low-cost jet nebulizer spray pyrolysis technique.
The structure, surfaces, optical, photoluminescence and electrical
properties of prepared ﬁlms were investigated in detail.
2. Experiment
A jet nebulizer spray pyrolysis apparatus (Fig. 1) is used in
this work, which consists of a jet nebulizer spraying unit, sub-
strate holder with heater and air compressor. To prepare tin doped
indium oxide thin ﬁlms, the indium (III) chloride (InCl3) is dis-
solved in 100 mL  double distilled water to make 0.4 M starting
solution. Tin doping was  achieved by adding tin (II) chloride dihy-
drates (SnCl2·2H2O) to the starting solution. A few drops of acetic
acid were added to obtain a clear and homogeneous solution. The
doping level in the solution was varied from 0 to 30 wt% in steps
of 10 wt%. The mixture was stirred under constant speed for 1 h
with a magnetic stirrer. Prior to the deposition, glass substrates
(1 in.2) were cleaned with acetone, isopropyl alcohol, and dis-
tilled water successively for 15 min  in ultrasonicator. The substrate
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Nomenclature
D Crystallite size (nm)
k Scherrer’s constant
d Lattice spacing (Å)
h,k,l Miller indices
TC Texture coefﬁcient
I(hkl) Peak intensity
N Number of peaks
T Transmittance (%)
h Photon energy (eV)
Eg Optical band gap (eV)
n Carrier concentrations (cm−3)
 ˇ Full width at half maximum (rad)
 Wavelength of X-ray (Å)
 Bragg’s angle (deg)
ε Strain
˛ Absorption coefﬁcient
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Fig. 2. X-ray diffraction patterns of ITO thin ﬁlms for different Sn concentrations.
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emperature for each deposition was kept at 500 ◦C in the air atmo-
phere. The prepared solution was sprayed with a jet nebulizer
HUDSON RCI micro mist, droplet size is ∼2.7 m)  on the heated
ubstrate with spray rate 0.5 mL/min using compressed air as a car-
ier gas. The nebulizer was kept at a distance of 5 cm from substrate
urface.
The structural parameters of spray coated ITO ﬁlms were ana-
yzed by X-ray diffractometer (XRD) using the PANalytical system
ith Cu K1 radiation (k = 1.54056 A˚). Surface morphology and
opography were carried out by the scanning electron microscope
ESEMQUANTA200, FEI-Netherlands) and atomic force microscopy
Agilent 5500) respectively. Elemental analysis was  made by using
nergy dispersive X-ray spectroscopy (attached to SEM). The water
ontact angle measurement was made by using a protractor
rom microphotograph. The optical properties of the ﬁlms were
xamined with a double beam spectrophotometer (Oceans optics
R2000-USA) in the UV–vis regions. The ﬁlm thickness was mea-
ured by a proﬁlometer (SJ-301 Mitutoyo). The photoluminescence
PL) spectra were recorded using a spectroﬂuorometer (Cary Eclipse
L08083851) with xenon arc lamp. The IR spectrum was recorded
Fig. 1. Schematic diagram of jet nebulizer apparatus.
2 θ  ( d e g r e e )Fig. 3. Shift of peak position of ITO thin ﬁlms along (222) plane for different Sn
concentrations.
using FTIR spectrophotometer (Perkin Elmer – RX I) in the range
of 400–4000 cm−1. The electrical parameters were collected from
room temperature Hall effect measurements (RH2035 PhysTech
GmbH) system.
3. Results and discussion
3.1. Structural analysis
X-ray diffraction patterns are used to study the crystal struc-
ture of prepared ITO thin ﬁlms. Fig. 2 shows the X-ray diffraction
patterns of indium tin oxide thin ﬁlms for different tin concen-
trations on glass substrates. It can be seen that all the ﬁlms are
polycrystalline in nature and crystallize in a cubic structure (JCPDS:
71-2194) with predominant (222) peak. A switching in the prefer-
ential growth from the (400) to (222) planes was  observed when
tin doped with indium oxide. The increasing intensity of the (222)
plane is attributed to the increase in the degree of preferential crys-
tal orientation. It is evident from the XRD spectra that no diffraction
peaks of Sn or other impurity phases are detected in the prepared
samples. As shown in Fig. 3 shift of the (222) peak toward smaller 2
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Table 1
Structural parameters of prepared ITO thin ﬁlms for different Sn concentrations.
Sample 2 (deg) hkl FWHM (deg) d-space (Å) Crystallite size
(nm)
Dislocation
density, ı
(×1014 lines/m2)
Strain, ε
(×10−4)
Lattice
constant (Å)
TC
Observed Standard
0 wt%
21.47 211 0.13 4.1354 4.1302 62.19 2.5855 5.573 10.1296 0.7347
30.52  222 0.11 2.9266 2.9205 74.85 1.7849 4.631 10.1381 0.6047
35.37 400  0.12 2.5356 2.5292 69.49 2.0708 4.988 10.1424 3.6168
37.67 411  0.16 2.3859 2.3846 52.45 3.6350 6.609 10.1225 1.0069
45.60  431 0.15 1.9877 1.9841 57.47 3.0298 6.034 10.1353 0.9044
49.22  521 0.30 1.8497 1.8471 29.12 11.793 11.90 10.1312 0.5721
50.94  440 0.12 1.7912 1.7884 73.34 1.8598 4.726 10.1325 1.4156
55.92  611 0.26 1.6429 1.6411 34.59 8.3579 10.02 10.1275 0.7312
60.57 622  0.16 1.5274 1.5252 57.48 3.0266 6.030 10.1316 0.1023
63.68 444 0.27 1.4601 1.4602 34.63 8.3386 10.01 10.1158 0.2796
75.02  800 0.19 1.2651 1.2646 52.71 3.5992 6.576 10.1201 1.0416
Average 54.3927
10  wt%
30.47 222 0.11 2.9313 2.9205 74.84 1.7853 4.632 10.1543 1.5071
35.32  400 0.17 2.5391 2.5292 49.03 4.1592 7.070 10.1564 1.1216
50.87  440 0.19 1.7935 1.7884 46.28 4.6688 7.489 10.1455 0.6831
60.47  622 0.21 1.5297 1.5252 43.76 5.2221 7.920 10.1468 0.6883
Average 53.4775
20  wt%
30.42 222 0.11 2.9360 2.9205 74.84 1.7853 4.631 10.1706 1.4303
35.42 400  0.13 2.5391 2.5292 64.13 2.4315 5.405 10.1564 1.3201
50.80  440 0.13 1.7958 1.7884 67.64 2.1857 5.124 10.1585 0.6223
60.35  622 0.17 1.5324 1.5252 54.11 3.4154 6.413 10.1647 0.6271
Average 65.18
30.37 222 0.11 2.9407 2.9205 74.85 1.7849 4.631 10.1868 1.9836
35.25  400 0.11 2.5440 2.5292 75.78 1.7413 4.574 10.1761 1.0333
.31 
.72 
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a30  wt% 50.79 440  0.12 1.7961 1.7884 73
60.38  622 0.13 1.5397 1.5252 70
Average 73
alue is due to the replacement of smaller radius Sn4+ ion (0.71 A˚)
n indium sites and also related to changes of strain in the crystal
attice [25].
The crystallite size was calculated from the XRD pattern using
ebye-Scherrer formula [26]:
 = 0.9
 ˇ cos 
,  (1)
here  is X-ray wavelength ( = 1.54060 A˚),  ˇ is full width at half
aximum in radian and  is Bragg’s angle.
The dislocation density (ı) and strain (ε) were calculated using
he following equations [26]:
 = 1
D2
(2)
 = ˇ cos 
4
(3)
Texture coefﬁcient (TC) measures the relative degree of pre-
erred orientation among crystal planes, which is obtained from
ollowing expression [27]:
C(hkl) =
[
I(hkl)/Io (hkl)
N−1
∑
N(I(hkl)/Io (hkl))
]
(4)
here I(hkl) is the measured intensity of the plane (hkl), Io (hkl) is the
tandard intensity of the respective diffraction plane, according to
he JCPDS data card (71-2194) and N is the number of diffraction
eaks presented.
The calculated structural parameters of prepared ITO thin ﬁlms
sing the above equations are listed in Table 1. The observed
mprovement in average crystallite size is attributed to strain
ormed in the nano crystal. The dislocation density (ı) is to mea-
ure the disorder of lattice planes in the crystal structure. The strain
rises due to point defects (vacancies, site disorder), dislocations1.8606 4.728 10.1602 0.6046
1.9994 4.901 10.2132 0.4345
and extended defects in the crystal structures. The calculated val-
ues of the lattice constant ‘a’ are in good agreement with standard
values (71-2194). Obtained lattice constant values are slightly
increased for (222) plane with increased doping level, which can
be related to uniform-strain of the grains. The texture coefﬁcient
TC (hkl) values calculated for the different planes of the ﬁlms are
shown in Table 1. The results indicate that the preferential orienta-
tion for pure indium oxide ﬁlm along (400) plane, is shifted to (222)
plane for Sn doped indium oxide ﬁlms. The change of preferred ori-
entation may  be due to occupancy of additional indium vacancy
sites by tin atoms which are unoccupied previously. In fact, it is
well known that In2O3 thin ﬁlms have several defect levels such as
indium interstitial oxygen and indium vacancies [28]. The increase
in preferred orientation is associated with the increase of crystallite
growth along that plane. The change in peak intensity, d-value, lat-
tice constants and strain conﬁrms the substitution of Sn into In–O
lattice.
3.2. Surface morphological analysis
For thin ﬁlms the surface morphology depends on the deposition
technique and its parameters. The surface morphology may  inﬂu-
ence the ﬁlm properties such as mechanical, electrical and optical
properties. Fig. 4 shows the scanning electron microscopic images
of ITO ﬁlms for different Sn concentrations deposited on glass sub-
strates. It can be seen that all the ﬁlms have a uniform surface
morphology consisting of spherical particles without any voids and
cracks. The lowering grain boundary and large active surface help
to improve the electrical conductivity and optical transmittance.Energy dispersive X-ray spectroscopy (EDX) is an analytical
technique used for the elemental analysis of a sample. The EDX
spectra of the prepared ITO thin ﬁlms are shown in Fig. 5. The spec-
tra reveal that the presence of In, O and Sn elements in the deposited
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(60,00
ﬁ
s
t
p
ﬁFig. 4. Scanning electron microscopy images 
lms. The weight percentage is almost nearly equal to their nominal
toichiometry within the experimental error.Topography is one of the most important physical charac-
eristics of surfaces, which inﬂuence their signiﬁcant technical
roperties. Fig. 6 shows the 3D-AFM images of prepared ITO thin
lms for different Sn concentrations. The un-doped indium oxide
Fig. 5. Energy dispersive X-ray0× magniﬁcation) of prepared ITO thin ﬁlms.
ﬁlm has a large difference between peak and valley than Sn doped
ﬁlms. As shown in Table 2 the surface proﬁle parameters are
changed with increasing Sn concentration. The surface roughness
(Sa) and root mean square (RMS) (Sq) values are reduced as increas-
ing Sn concentrations. The obtained RMS  value of ITO ﬁlms is lower
than the prepared one by other techniques such as ink-jet printing
 spectra of ITO thin ﬁlms.
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HFig. 6. AFM 3D images of prepared IT
29], RF sputtering [30], chemical vapor deposition [31] and spray
yrolysis [32]. The average roughness is the mean value of peak
nd valley as calculated over the measured entire surface area. It
s useful for detecting general variations in overall proﬁle height
haracteristics. Root mean square roughness is the square root of
he distribution of surface height and is considered to be more
ensitive than the average roughness. It represents the standard
eviation of the proﬁle heights and is used in the computations
f skewness and kurtosis. Surface skewness (Ssk) is used to mea-
ure the symmetry of the variations of surface about the mean line
nd is more sensitive to occasional deep valleys or high peaks. Sur-
ace kurtosis (Sku) is used to measure the distribution of the spikes
bove and below the mean line. The roughness reduction of the
lms helps to reduce the scattering of incident light and leading to
ncrease of optical transmittance.
Fig. 7 shows the microphotographs of water droplet on
he ITO surface, and thus it can be perceived that the water
ontact angles (127◦, 114◦, 106◦ and 92◦ for 0, 10, 20 and
able 2
eight parameters of ITO thin ﬁlm obtained from AFM analysis.
Parameters 0 wt% 
Root mean square (Sq) (nm) 20.2 
Surface  Skewness (Ssk) 0.455 
Coefﬁcient of kurtosis (Sku) 5.21 
Maximum peak height (Sp) (nm) 137 
Ten  point mean height (Sz) (nm) 431 
Average surface roughness (Sa) (nm) 17.6 
Film  thickness (nm) 96  ﬁlms for different Sn concentrations.
30 wt% respectively) are decreased. This result indicates that the
hydrophilicities of ITO surface are increased with Sn doping
concentrations, and such a behavior is due to reduction of surface
roughness.
3.3. Optical studies
The optical properties of thin ﬁlms are known to depend
strongly on the ﬁlm thickness, microstructures, levels of impurities
and deposition parameters. Fig. 8 shows the optical transmittance
and the absorption spectrum of prepared ITO thin ﬁlms for different
doping concentrations. It is found that the average transmittance
of the pure indium oxide ﬁlm is 77% and that of the Sn doped ﬁlms
could be in the range of 82–87%, and such results may  be related to
low scattering of light and thickness. As shown in Fig. 8 (inset) the
absorption edge is shifted to lower wavelength for Sn doped indium
oxide ﬁlms. The transmission spectra show just the opposite trend
of the optical absorption spectra. The absorption of all the ﬁlms is
10 wt%  20 wt% 30 wt%
15.3 11 12
0.244 0.468 0.106
3.27 4.25 2.85
63.5 55.7 47.2
119 99.5 82.8
12.1 8.29 9.58
43 37 32
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Fig. 7. Microphotographs of wat
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mage shows the blue shift of absorption edges.
n the range of 0.04–1.10% in the visible region, the low absorption
f incident light is essential for TCO.
The optical band gap (Eg) values calculated from the plot of
˛h)2 versus (h) is shown in Fig. 9(a)–(d) for the prepared ﬁlms.
he absorption coefﬁcient (˛) is calculated from the following rela-
ion [26]:
 =
(
1
d
)
ln
(
1
T
)
(5)
here d is thickness of the ﬁlms and T is transmittance. The absorp-
ion coefﬁcient (˛) and incident photon energy (h) is related by the
ollowing relation [26]:
˛h)2 = A(h − Eg) (6)er droplet on ITO surface.
where A is a constant, h is photon energy and Eg is optical band gap.
Obtained band gaps are plotted as a function of Sn concentrations
that are shown in Fig. 9(e). It is observed that band gap increases
rapidly from 3.59 eV (0 wt%) to 4.07 eV (10 wt%) and then decreased
slightly to 4.01 eV (30 wt%). Similar behavior of band gap widening
and then narrowing for higher doping of tin is reported previously
by Benamar et al. [20]. The widening of the optical band gap is
related to increased carrier concentration and which is explained
by using Moss–Burstein effect [33]. The narrowing of band gap for
higher Sn doping may  be due to many-body interaction effects
either between free carriers or between free carriers and ionized
impurities [34].
3.4. Photoluminescence studies
The room temperature photoluminescence (PL) spectroscopy
technique is a selective and extremely sensitive probe of discrete
electronic states. Fig. 10 shows the room temperature PL spec-
tra of ITO thin ﬁlms recorded under the excitation wavelength
 = 310 nm. Mainly three emission peaks are observed as follows:
a strong UV emission peak (P1 at 363 nm), a strong blue emis-
sion peak (P2 at 493 nm)  and a weak green emission peak (P3 at
521 nm). The UV emission peak is also called near band edge (NBE)
emission, and it originates due to the recombination of the free exci-
ton through an exciton–exciton collision process [35]. As shown in
Fig. 10 (inset) a change observed in the UV emissions peak indicated
that the recombination centers are modiﬁed by Sn doping. A blue
emission band indicated that a new defect level is introduced into
the band gap by the Sn doping [36]. The origin of green emission
is generally ascribed to deep level defects such as surface defects
and singly ionized oxygen vacancies [37]. A rapid decrease in the
intensity of all peaks and the change of UV emission peak position
conﬁrm the substitution of Sn atom in indium sites.
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Fig. 9. (a–d) The (˛h)2 versus h plots of ITO thin ﬁlms for different Sn concentrations; (e) variations of optical band gap as function of Sn concentrations.
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insert) the observed change of UV emissions peaks position..5. FTIR analysis
FTIR technique is used to obtain information about the chem-
cal bonding and the presence of certain functional groups in aFig. 11. FTIR spectra of ITO thin ﬁlms for different Sn concentrations in wave number
range from 400 to 4000 cm−1 at room temperature.
material. Fig. 11 shows the FTIR spectra of prepared ITO thin
ﬁlms for different Sn concentrations. The broad band around
3500–1900 cm−1 is attributed to the O H stretching vibrations
of hydroxyls from absorbing water molecules [38]. We  can also
recognize the strong absorption band at 1827 cm−1 is related to
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[30] T. Konry and R.S. Marks, Thin Solid Films, 492, 313–321 (2005).
[31] N. Wolf, M.  Rydzek, D. Gerstenlauer, M.  Arduini-Schuster and J. Manara, Thin
Solid Films, 532, 60–65 (2013).
[32] E.S. Raj and K.L. Choy, Mater. Chem. Phys., 82, 489–492 (2003).ig. 12. Electrical parameters of prepared ITO thin ﬁlms as function of Sn concen-
rations.
 O stretching vibration of carboxylic acids, a medium band at
519 cm−1 is related to C C stretching vibration of arenes and a
edium band at 885 cm−1 is ascribed to C H bending vibration.
he weak bands at 592 cm−1 and 433 cm−1 are attributed to In O
ond [39].
.6. Electrical studies
Fig. 12 shows the measured electrical parameters of prepared
TO thin ﬁlms as a function of different Sn concentrations. It can
e seen that the resistivity is decreased, carrier concentration is
ncreased and mobility is increased as increasing Sn concentra-
ions, and this behavior is desirable for transparent conducting
xide. The results indicate that the prepared ITO thin ﬁlms are
ighly degenerating n-type conductivity. The increase of carrier
oncentration value of ITO ﬁlm is due to the valence difference
etween Sn4+ and In3+ ions, which generates extra one free car-
ier per atomic substitution and leading to decrease of resistivity.
he incorporation of Sn dopant in indium oxide ﬁlms changes the
verall electrical properties signiﬁcantly. We  obtained a minimum
lectrical resistivity (3.9 × 10−4 -cm) and maximum carrier con-
entration (6.1 × 1020 cm−3) for 20 wt% of tin doped indium oxide
hin ﬁlm. Similar results were reported in previous literature by
eki et al. [40]. The increase of mobility is related to reduction of
rain boundary scattering. The electronic transport property for the
ltrathin ﬁlms is entirely related to the microstructure of the ﬁlms
nd doping concentration.
. Conclusions
Transparent conducting indium tin oxide (ITO) thin ﬁlms were
uccessfully prepared by jet nebulizer spray pyrolysis technique.
ffects of Sn doping concentrations on structure, surface, opti-
al, photoluminescence and electrical properties were investigated.
he following conclusions are derived after these investigations:
The XRD patterns revealed that prepared ITO ﬁlms are polycrys-
talline in nature with cubic structure. We observed a shift of
preferential growth from (400) plane for pure indium oxide to
(222) plane for Sn doped indium oxide thin ﬁlms. The change
observed in the peak position of (222) plane and structural
parameters conﬁrms the substitutions of Sn in In–O lattice.
SEM images show the uniform distribution of spherical particles
and the surface morphology also changed with Sn doping.
The EDX spectrum reveals the presence of In, O and Sn elements
in the deposited ﬁlms with their nominal percentage.
[
[
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• According to the 3D-AFM images the surface topography of the
ﬁlms is better than undoped ﬁlms. The roughness and root mean
square values are reduced as increased Sn concentrations.
• Optical transmissions of the ﬁlms have improved from 77% to 87%
and show an opposite trend of the optical absorption results. The
observed initial blue shift in energy band gap from 3.59 to 4.07 eV
can be explained by the Burstein–Moss effect.
• The decreasing photoluminescence peak intensity and observed
shift in UV emissions peak positions is indicating the substitution
of Sn in In–O system.
• The presence of functional groups and chemical bonding was
conﬁrmed by FTIR.
• Hall effect measurements show that Sn doping in indium oxide
ﬁlms effectively increases the carrier concentration and reduces
its resistivity with an improvement in the mobility.
From these ﬁndings, we conclude that ITO thin ﬁlms are suitable
for optoelectronic applications and the jet nebulizer spray pyrolysis
technique is suitable for producing uniform thin ﬁlms with good
quality.
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